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Carbon dioxide CO2 injection method is one of enhanced oil recovery EOR techniques 
that is taking the place of interest in oil industry nowadays because of its availability 
and low cost relatively. Oil swelling during the process of miscible CO2 flooding is the 
main factor influencing the effectiveness of this method to enhance oil recovery, since it 
will improve the permeability of the rock when CO2 extracts the residual oil and swells 
it to let it move leaving more connected pore spaces in the reservoir. The main objective 
of this study is to determine the swelling factor of some light oil samples having 
different compositions and properties, and analyse the result to predict factors that 
affect oil swelling factor so as to technically evaluate the injection process since CO2 
injection technique has been widely used in oil industry. CO2 injection evaluation 
comprises two categories; technical and economical. Technical factor is based on 
geological, geophysical, engineering and transportation issues. The considered issue in 
this study is one of the engineering issues which is the effect of CO2 injection on 
hydrocarbon fluid volume. 
 
Oil swelling factor due to CO2 flooding was determined by simulating some lab data 
using CMG software. A dead oil sample was recombined with methane and CO2 gas 
after its composition has been identified by gas chromatography analysis. The 
composition of the other samples has been taken from an SPE paper prepared by Nancy, 
Italic (1990). Oil samples compositions were entered to the CMG software. Swelling 
test was run to determine the swelling factor; it was applied for different CO2 
concentrations starting from 20% mole, 40% mole, 50% mole, & 60% mole. Constant 
composition test CCE was run to predict the saturation pressure at each CO2 
concentration. The result and output of this simulation were analysed, & graphs have 
been created for the completion of this project. During this project it was verified that, 
Based on the technical/ oil swelling factors, CO2 flooding is considered as feasible 
process up to 60% mole for all oil samples, since the swelling factors did not reach the 
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1.1 Background Study: 
 
During the life of an oil reservoir, production is usually carried out by primary recovery, 
secondary recovery, and lastly tertiary recovery, or enhanced oil recovery (EOR). 
 
In general, EOR is any techniques have been taken to proceed in order to enhance oil 
recovery after it has been water flooded. EOR is divided into two techniques; thermal 
and non-thermal methods, this classification are based on whether heat is involved in 
some form. Thermal methods mainly consist of steam injection (hot water steam) while 
non-thermal EOR methods consist of chemical and miscible processes. Chemical 
methods such as polymer and emulsions floods and miscible methods include high 
pressure miscible drives using hydrocarbon gas, nitrogen N 2 , or carbon dioxide CO 2 . 
The selection of EOR methods basically based on the well needs, reservoir type and 
situation, as well as economical factors (Farouq & Thomas, 1989). 
 
Carbon dioxide flooding is one of the most effective methods of EOR techniques; it is 
commonly used due to the following reasons: 
 It is available and can be easily obtained. 
 It has low cost relatively. 
 It has high displacement efficiency due to its solubility and miscibility in oil. 
 It has low minimum miscibility pressure MMP. 
 It can be used in two ways; miscible and immiscible process. 
 It is applicable to wide range of reservoirs and it improves formation 
permeability, (Yongmao, Italic, 2004). 
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As carbon dioxide has been injected to a particular reservoir at a specific depth 
“depending on water contact depth”, CO 2  gas molecules start to dissolve in oil phase 
“mainly light and moderate oil” changing its physical properties; such as density, 
viscosity, solubility and volume while leaving the chemical properties the same “CO 2  
gas is compatible with oil phase” ( Enayati, Italic., 2008). This project focuses only on 
one of the most important effects of CO 2  while injection process which is the 
hydrocarbon volume change or oil swelling factor of light oil samples. 
 
 
1.2 Problem Statement: 
 
 CO 2  injection technique has been widely used in oil industry, that’s why 
intensive studies should be made in order to identify the effects of this technique 
on crude oil as well as on the reservoir rock, and to evaluate the injection 
process. 
 Oil swelling factor is the theory behind CO 2  flooding. Thusly, it should be 
determined so as to control oil mobility & oil production. 
 
 




 Determine oil swelling factor during CO 2  flooding for different oil samples 
using CMG software. 
 Estimate the relationship between injected CO 2  volume and oil swelling factor 






1.3.2 Scope of Study: 
 
This project aims to technically analyse the swelling factor of light oil samples under 
study. CMG software was used to determine oil swelling factor, and analysis were made 
to estimate the optimum CO 2  range to be injected. 
 
 
1.4 Project Feasibility: 
 
This project is considered as feasible since all needed facilities such as laboratory 
equipments and CMG software are available at the place of study “Universiti Teknologi 
Petronas, UTP”, and the given time in order to complete the project is fairly suitable 


























This chapter contains a brief review on CO 2  injection & its methods, oil swelling, 
finally some experimental studies. 
 
 
2.1 Previous Studies on Carbon Dioxide Injection 
 
During the fifties of the twentieth century, researchers started to look at the CO 2  EOR 
flooding process and its effect to reservoir characteristics (especially porosity and 
permeability) in the laboratory. Over time CO 2  flooding has become the leading 
enhanced oil recovery technique for light and medium oils. CO 2  miscible flooding 
improves oil recovery through gas drive, swelling of the oil and decreasing its viscosity. 
Currently, there are more than hundred CO 2  flooding projects operating in the world, 
most of them situated in the USA (Oskui and Jumaa, 2009). 
 
 
2.2 Carbon dioxide flooding: 
 
The use of CO 2  as a method of enhanced oil recovery has been studied since the early 
1930 and it has been widely and significantly used in the 1970s and 1980s (Yongmao, 
Italic, 2004). When reservoir fluid (hydrocarbon and water) contains a significant 
amount of dissolved CO 2 , its physical properties such as density, viscosity, 
compressibility and solubility are modified in a way that helps in recovering more oil. 
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Thus, CO 2  flooding should be used if CO 2  gas is available in adequate amounts and 
economically priced (Mungan, 1979).  
It has been found that, CO 2  flooding is more effective in light to medium oil reservoirs, 
since CO 2  gas tends to extract lighter oil components first (C1 to C4), then with larger 
amount of CO 2 , heavier components of hydrocarbon oil (C5, C6, and C7+) will be 
extracted, (Tsau, Italic., 2010).  
 
Basically, there are two different ways of CO 2  injection; miscible and immiscible CO 2  
displacement. The miscible CO 2  displacement is the process in which CO 2  gas will be 
injected to the reservoir under high pressure (above the minimum miscibility pressure 
MMP), and then CO 2  will liquefy and mix with oil phase forming a single-phase flow 
under reservoir condition. This method is used for light and medium oil reservoirs 
(David Martin, and Taber, 1992). While the immiscible CO 2  displacement is the 
process at which CO 2  gas will be injected to the reservoir under lower pressure 
relatively (below MMP), then some of CO 2  molecules will dissolve in oil phase 
reducing its viscosity, and the other some will push oil phase toward the producer well 
forming two-phase flow under reservoir condition.  
 
Menzie and Nielson, (1963), and Holm and Josendal, (1974) have determined the 
efficiency and the effectiveness of carbon dioxide injection verifying that, CO 2  is an 
attractive gas for both miscible and immiscible processes. Furthermore, Zahidah, Italic 
(2011) have evaluated CO 2  gas injection as effective process through phase behaviour 








One of the most important properties of CO 2  that makes it favourable in EOR 
techniques is that, its ability to extract hydrocarbons from crude oil due to its high 
solubility during immiscible process, (Zahidah, Italic., 2001). Mungan, (1979) had 
mentioned that, the main advantage of immiscible CO2 injection is that, it is resulting in 
oil swelling and viscosity reduction although miscible CO 2  displacement is preferred to 
the immiscible process due to its higher displacement efficiency (Mungan, 1979). 
 
On the other hand, Yongmao, Italic, (2004)  said that, the miscible process is more 
recommended than immiscible displacement due to the high interfacial tension, high 
displacement efficiency, and as well as higher swelling factor in the miscible process 
(Yongmao, Italic., 2004). Gas molecular diffusion is involved in miscible carbon 
dioxide flood, so once CO 2  diffuses into oil phase, oil swelling will be resulting and 
that is considered to be the controlling mechanism in this process, (Edward and Joseph, 
1974).  
 
Injection of CO 2  in an oil reservoir will result in several mechanisms that will improve 
oil recovery which are: swelling of crude oil, viscosity reduction of crude oil, and oil 
vaporization by CO 2 , (Klins, 1984; Ghalambor, 1990). 
CO2 injection evaluation comprises two categories; technical and economical. Technical 
factor is based on geological, geophysical, engineering, and transportation issues. The 
considered issue in this study is one of the engineering issues which is the effect of CO2 
injection on hydrocarbon composition and properties. Engineering issues concern with 
reservoir rock and hydrocarbon fluid parameters relevant to CO2 flooding (Bon and 
Sarma, 2004). 
Evaluating reservoir rock is based on permeability which is by its role affected by 
Asphaltene precipitation during injection process. While evaluating hydrocarbon fluid is 
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based on density and viscosity reduction, phase behavior change, and oil swelling (Bon 





























Figure -1: Carbon dioxide injection 
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2.3 Oil Swelling: 
 
Carbon dioxide is soluble and miscible in crude oil, the thing that makes it to have high 
displacement efficiency.  The solubility will aid to oil swelling as CO 2  concentration 
and pressure are increasing, (Miller and Jones, 1981; Ghalambor, 1990).  
 
 When CO 2  gas is injected to light or medium oil reservoir, the gas phase will start to 
dissolve in the liquid phase at the first or multi contact depending on reservoir pressure 
and oil properties. Thusly, oil volume increases because of two major reasons. The first 
reason is that, the dissolved gas will give an additional volume (the volume of gas 
molecules itself) to the mixture. The second reason is the oil molecules itself will 
expand and be larger in size when contacting with CO 2 . This increment in oil volume 
will improve the mobility of the mixture so as to give a chance to reduce water 
production relatively (Yongmao, Italic., 2004; Mungan, 1979; David Martin, and Taber, 
1992). 
 
In a review and evaluation study on carbon dioxide flooding, Mungan found that Up to 
700 SCF approximately of CO 2  will dissolve in one barrel of oil resulting in 10 % up to 
40% increase in the volume of oil that can be recovered, this percentage is actually 
based on pressure, temperature, and composition of the crude oil at reservoir condition 
(Mungan, 1979). In other research, Enayati, Italic have stated that, not more than 25% 
of oil in place can be recovered using carbon dioxide flooding (Yongamoa, Italic., 2004; 
Enayati, Italic., 2008), while Mathiassen, (2003) stated that, enhancing oil recovery 
using CO 2  as injection gas will result in additional oil volume up to 15% of the oil 





Oil swelling factor is defined as the ratio of the volume of the oil- CO 2  mixture to the 
initial volume of gas free oil at standard pressure and temperature (Ghedan, 2009). It is 
the main mechanism that is responsible for recovering the residual oil saturation in this 
process (Edward and Joseph, 1974). The importance of this ratio is also extended to 
determine how much CO 2  volume to be injected in order to recover the oil of a 
particular reservoir economically. The relationship between injected CO 2  and oil 
swelling factor is proportional up to the critical point which the increment or the 























Figure -2: Oil swelling 
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2.4 Experimental studies:  
 
There were many different experiments have been conducted in order to evaluate and 
investigate miscible carbon dioxide flooding, oil recovery and oil swelling 
determination. These experiments vary due to the purpose of study. 
 
Slim tube test is a kind of PVT analysis which is conducted in order to determine 
minimum miscibility pressure (Javadpour, Italic., 1998), (Strivastava, Italic., 2000), 
(Yongmao, Italic., 2004), and (Enayati, Italic., 2008). Moreover, it has been found that 
slim tube test can give immediate information regarding carbon dioxide injection 
operating pressure, but it has no indication on how efficient is the CO 2  flooding 
process, (Orr, Italic., 1982; Danesh, 1998; Ghedan, 2009). 
 
Core displacement test is to determine MMP as well as recovery factor calculations 
(Yelling and Metcalfe, 1980; Zahidah, Italic., 2001). 
 
CO 2  core floods experiment is to understand the displacement mechanisms of the 
injection process, and to determine the oil residual saturation in the swept zone as well 
as to know core permeability modification by CO 2  injection process, (Ghedan, 2009). 
 
Swelling/extraction test is performed on dead oil samples in order to identify the phase 
behaviour of oil samples, determine reservoir fluid volume change (oil swelling) and 
composition change due to CO 2  injection, (Orr, Italic., 1981; Harmon, Italic., 1988; 
Hand, Italic., 1990; Ghalambor, Italic., 1990; Tsau, Italic., 2010). 
 
Vapour/liquid equilibrium (VLE) test is a high pressure volumetric PVT test performed 
on recombined light oil samples to detect the physical behaviour of oil- CO 2  mixture 
(mainly oil swelling by CO 2 ). Its result are accurate in near well bore condition since 
the detected vapour bubbles will be extracted out of the PVT cell during the experiment, 
(Simon, Italic., 1978; Graue and Zana, 1981; Ghedan, 2009). 
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Constant composition expansion (CCE) test is similar to VLE test. It provides the 
relationship between bubble point pressure and injected CO2 volume as well as oil 
swelling factor determination. The only difference between VLE and CCE is that CCE 
results are accurate in reservoir condition since the detected vapour bubble of the 
mixture during pressure depletion will be kept inside PVT cell, (Zahidah, Italic., 2001). 
 
The considered experiments during this simulation study are swelling test and constant 
composition expansion CCE test. Swelling test has been chosen because the aim of this 
research is to determine the oil swelling factor at reservoir conditions. CCE test was 
chosen to predict saturation pressure at different CO2 concentrations. (Dong, Italic., 























2.5 Simulation Studies: 
 
2.5.1 CMG Software: 
 
CMG (Computer Modelling Group Ltd); it is a computer software of engineering 
and consulting firm company which is linked to the development of reservoir 
simulation software. Its focus is mainly on the development of the most common 
reservoir simulation technologies. It also helps oil industry to be more confident 
while using simulation technology in decision making during reservoir and 
production studies.  
 
CMG provides reservoir simulation software for many different applications such 
as; conventional black oil extraction applications, complex phase behaviour, 
compositional and thermal applications. Its main goal is to develop a dynamic 
system which is capable of optimizing reservoir recovery and modelling reservoir 
and production systems. 
 
CMG's reservoir simulators can be used to model complex reservoirs, well 
operating conditions and reservoir drive mechanisms. These simulators can also 
model more enhanced recovery methods including CO2 flooding. CMG also 
provides unique solutions for the most advanced complex recovery process 
situations for advanced recovery processes means, such as; steam floods, foamy 
oil, WAG, and gas restoration 
(http://www.cmgroup.com/company/aboutcmg.htm). 
 
This software has different windows for different functions and applications, 









WinProp is one of CMG Windows that is responsible of modeling the phase 
behavior and properties of reservoir fluids. It is a widespread equation of state 
engineering tool, determines the reservoir characteristics and compositional 
variations of reservoir fluids under simulation study. It can be used under 
different conditions either reservoir or surface conditions, whether laboratory 
projects, thermal composition, or compositional simulation. 
 Applications of WinProp: 
 Component characterization. 
 PVT matching. 
 Miscibility studies. 
 Modelling of laboratory experiments, such as CCE, DV, & swelling test. 
 Prediction of wax and asphaltene production. 
 Surface separation facilities modelling. 
 Generation of PVT data for CMG simulators. 
WinProp is a fundamental and major tool for reservoir engineers, both in the 
laboratory and in the field. It has demonstrated its value in multi-phase processes. 
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 Gas chromatography; to characterize the composition of one oil sample. 
 Recombination cell; to inject methane and CO2 gas to the dead oil sample. 
 CMG software.  
 
 
3.3 Details of the procedure: 
 
Throughout this project, there were some procedures was followed. This is to ensure 
that the project could be accomplished within the given timeframe. 
 
 
3.3.1 Data collection: 
 
This simulation study was made on five oil samples, the composition of the 
first sample was obtained experimentally by recombine dead oil sample and 
determining its composition using gas chromatography GC cell. The 
composition of the other oil samples were obtained from literature review.  
 
 
3.3.2 Preparation of oil sample: 
 Gas chromatography GC: 
Light oil sample was collected and its characteristics and compositions were 
identified and measured using gas chromatography device (GC). The main 
purpose of identifying oil composition is to know the molecular weight of the 
dead oil sample and the number of moles of each component comprising this 
























































Table – 1: Composition of dead oil sample No. 1 
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The following figures show the collected oil sample and the GC device that was used 






























Figure – 3: Bottles of oil sample 
Figure – 4: GC device 
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 Recombination cell: 
After the composition of dead oil sample has been identified, it was 
recombined with methane and CO2 gas to revive the dead oil samples.   
Recombination cell is usually used to combine oil and gas samples to meet 
fluid properties at reservoir condition. 
 
 
Details of recombined fluids: 
 
1- Dead oil sample: 
 
Oil volume to be recombined is 1100 cc. 
Specific gravity (S.G) is 0.836 and molecular weight (MW) is 189.850 (S.G & MW 
values were obtained from GC). 
Number of moles is then calculated using the following formulas: 
 
 
                                          ………………………………………………………. (1) 
ρo = 0.836 * 1 
ρo = 0.836 g/cc 
 
Where: 
ρo ≡ oil density 
ρw ≡ water density 









                                             ........................................................................... (2) 
 
mo = 0.836 * 1100 
mo = 919.6 g 
 
Where: 
mo≡ oil mass 
vo≡ oil volume 
 
                                            ............................................................................ (3) 
 
no = 919.6 / 189.850 
no = 4.844 moles 
 
Where: 
no ≡ oil number of moles 
MW ≡ oil molecular weight 
 
 
2- Methane gas (CH4): 
 
400 cc of CH4 was transferred to recombination cell under the following condition: 
Pressure = 800 psia (54.4 atm) 





Number of moles was calculated using equation of state EOS of real gas: 
                                                      
                                                           …………………………………….. (4)                    
no = mo / MW 
mo = ρo * vo  




nCH4  = (54.4 * 400) / (0.925 * 82.057 * 306) 
nCH4 = 0.9103 moles 
 
Where: 
Z ≡ methane compressibility factor. 
R ≡ real gas constant (82.057 cc.atm/◦K.mol) 
Note: compressibility factor z was found to be 0.925 from natural gas compressibility 
chart as a function of pseudo reduced pressure and temperature (Ppr, Tpr), refer to 
APPENDIX-I ,with the following values of pseudo reduced pressure and temperature:  
 
                                                                     .................................................... (5) 
 
                                                                     .................................................... (6) 
 
Methane specific gravity is 0.5573, substituting this value in Ppc & Tpc equations: 
Ppc = 677 psia ,  Ppr = 1.2 
Tpc = 341 
o
R ,  Tpr = 1.6 
 
3- Carbon dioxide gas (CO2): 
 
Based on the original reservoir oil composition, 600 cc of CO2 was transferred to 
recombination cell under the condition of: 
Pressure = 500 psia (34.01 atm)  









nCO2  = (34.01 * 600) / (0.8913 * 82.057 * 306) 
P * V = z * nCO2 * R * T 
 
Tpc  = 170.491 + 307.344 * S.G 
 




nCO2  = 0.9118 moles 




Where P is the atmospheric pressure and the values of a0 to a4 are functions of 
temperature in degrees Fahrenheit. 
 
The values b0 – b3, c0 – c3, d0 – d3, e0 – e3, f0 –f3 are obtained from the following 



















Thus, the total number of moles of the live oil (dead oil + CO2 + CH4) is: 
nt = no + nCO2 + nCH4 
nt = 4.844 + 0.9118 + 0.9103 = 6.6661 moles. 
 
The figure below shows the recombination cell that was used to revive dead oil sample 












After the live oil sample has been prepared, its composition was tabulated as shown in 
table – 2; 
 
 










C11+ MW 213.349 
total 100.00 
S.G 0.800 



















Composition oil-2 oil-3 oil-4 oil-5 
N2 0.57 0.05 0.23 0.2 
CO2 2.46 6.47 8.53 5.45 
C1 36.37 9.58 21.72 30.9 
C2 3.47 12 20.8 18.04 
C3 4.05 6.83 4.82 5.45 
i-C4 0.59 0.87 1.35 1.11 
n-C4 1.34 3.78 3.47 2.56 
i-C5 0.74 1.42 1.68 0.38 
n-C5 0.83 2.62 2.11 2.18 
C6 1.62 4.95 2.53 1.93 
C7+  47.96 51.43 32.76 31.8 
C7+ SG 0.9594 0.9151 0.8533 0.823 
C7+ MW 329 271 219 197 
total 100 100 100 100 













3.3.3 Simulation using CMG: 
 
Oil compositions in tables (2) and (3) were entered to the CMG software in WinProp 
window, oil components of each oil sample were split and grouped for more accurate 
result. Then regression was made using saturation pressure of each sample taken from 
relevant field data. 
 
After all needed data has been entered and generated using Peng-Robinson (1978) EOS; 
swelling test was run for each sample at different CO2 concentrations stating from 20% 
mole, 40% mole, 50% mole and 60% mole.  
 
CCE test was run starting from high pressure (6000 psi) decreasing down to (1000 psi) 
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Figure - 7: Gantt chart for FYP II 
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RESULT AND DISCUSSION 
 
4.1 Result: 
Compositions and properties of five oil samples were entered to CMG software; 
swelling test and CCE test were run. The following result was obtained. 
 
 
4.1.1 Result of oil sample No. 1: 
 
The bubble point pressure of virgin oil was found to be 1889.9 psia. As the 
concentration of CO2 increases, the bubble point pressure increases as well.  
 
The following figure summarizes the relationship between pressure and relative 
volume of sample No. 1 for each CO2 concentration. It indicates the value of 
bubble point pressure at each CO2 concentration where the relative volume equals 
to one. For detailed information Refer to APPENDIX II – result of sample No. 1 to 



































The swelling factor of sample No. 1 was found to be 1.076 at 20% mole of CO2; which 
means the volume of oil has increased by 7.6% after injecting 20% mole of CO2. As 
observed, swelling factor will increase as the mole percentage of injected CO2 
increases. The same phenomenon was observed by Ghedan (2009), during his study on 
laboratory experience of CO2-EOR flooding. 
For 40%, 50%, and 60% mole of CO2, the oil volume increment was found to be 20.3%, 
30%, & 42.5 % respectively. The following table shows the swelling factor and Pb for 
each CO2 concentration. 
 
Figure – 8: Relationship between pressure and relative volume  
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CO2 Mole % Pb (psia) S.F 
0 1889.9 1 
20 2313.96 1.076 
40 2896.26 1.203 
50 3379.52 1.3 
60 4016.15 1.425 
 
 
The following figure shows the relationship between bubble point pressure and swelling 
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Table – 4: Swelling test result for oil sample No.1 
Figure – 9: Relationship between bubble point pressure and swelling factor  
Oil sample No. 1 
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Figure – 10: Relationship between CO2 mole% and swelling factor  
Oil sample No. 1 
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4.1.2 Result of oil sample No. 2: 
 
The bubble point pressure of virgin oil was found to be 2629.7 psia. As the 
concentration of CO2 increases, the bubble point pressure increases as well.  
 
The following figure summarizes the relationship between pressure and relative 
volume for each CO2 concentration which It indicates the value of bubble point 
pressure at each CO2 concentration where the relative volume equals to one. For 
detailed information Refer to APPENDIX II – result of oil sample No. 2, to see the 
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Figure – 11: Relationship between pressure and relative volume  
Oil sample No. 2 
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The swelling factor of this sample was found to be 1.101 for 20% mole of CO2; which 
means the volume of oil has increased by 10.1% after injecting 20% mole of CO2. As 
observed, swelling factor will increase as the mole percentage of injected CO2 
increases.  
For 40%, 50%, and 60% mole of CO2, the oil volume increment was found to be 26.3%, 
38.5%, & 53.9 % respectively. The following table shows the swelling factor and Pb for 
each CO2 concentration. 
 
 
CO2 Mole % Pb (psia) S.F 
0 2629.7 1 
20 2975.18 1.101 
40 3495.29 1.263 
50 3927.81 1.385 
60 4767.66 1.539 
 
 
The following figure shows the relationship between bubble point pressure and swelling 




Table – 5: Swelling test result of oil sample No.2 
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Figure – 12: Relationship between bubble point pressure and swelling factor  
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Figure – 13: Relationship between CO2 mole% and swelling factor  
Oil sample No. 2 
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4.1.3 Result of oil sample No. 3: 
 
The bubble point pressure of base case condition was found to be 1576.52 psia. As 
the concentration of CO2 increases, the bubble point pressure increases as well. 
 
The following figure summarizes the relationship between pressure and relative 
volume for each CO2 concentration. For detailed information Refer to APPENDIX 
II – result of oil sample No.3, which contains tables of relative volumes pressures 
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Figure – 14: Relationship between pressure and relative volume  
Oil sample No. 3 
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The swelling factor was found to be 1.117 for 20% mole of CO2; which means the 
volume of oil has increased by 11.7% after injecting 20% mole of CO2. As observed, 
swelling factor will increase as the mole percentage of injected CO2 increases.  
For 40%, 50%, and 60% mole of CO2, the oil volume increment was found to be 30.4%, 
44.1%, & 62.5 % respectively. The following table shows the swelling factor and Pb for 
each CO2 concentration. 
 
 
CO2 Mole % Pb (psia) S.F 
0 1576.52 1 
20 2078.77 1.117 
40 2780.08 1.304 
50 3294.08 1.441 




The following figure shows the relationship between bubble point pressure and swelling 
factor for different CO2 concentrations. 
 
 
Table – 6: Swelling test result for oil sample No.3 
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Figure – 15: Relationship between bubble point pressure and swelling factor  
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Figure – 16: Relationship between CO2 mole% and swelling factor  
Oil sample No. 3 
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4.1.4 Result of oil sample No. 4: 
 
The bubble point pressure of virgin oil was found to be 2197.36 psia. As the 
concentration of CO2 increases, the bubble point pressure increases as well. 
 
The following figure summarizes the relationship between pressure and relative 
volume for each CO2 concentration. For detailed information Refer to APPENDIX 
II – result of oil sample No. 4, which contains tables of relative volumes & 
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Figure – 17: Relationship between pressure and relative volume  
Oil sample No. 4 
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The swelling factor was found to be 1.14 for 20% mole of CO2; which means the 
volume of oil has increased by 14 % after injecting 20% mole of CO2. As observed, 
swelling factor will increase as the mole percentage of injected CO2 increases.  
For 40%, 50%, and 60% mole of CO2, the oil volume increment was found to be 37 %, 
55.1 %, & 81.6 % respectively. The following table shows the swelling factor and Pb for 




CO2 Mole % Pb (psia) S.F 
0 2197.36 1 
20 2575.79 1.14 
40 3027.77 1.37 
50 3298.8 1.551 




The following figure shows the relationship between bubble point pressure and swelling 
factor for different CO2 concentrations. 
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Figure – 18: Relationship between bubble point pressure and swelling factor  
Oil sample No. 4 
Figure – 19: Relationship between CO2 mole% and swelling factor  
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4.1.5 Result of oil sample No. 5: 
 
The bubble point pressure of virgin oil was found to be 2771.9 psia. As the 
concentration of CO2 increases, the bubble point pressure increases as well.
 
The following figure summarizes the relationship between pressure and relative 
volume for each CO2 concentration. For detailed information Refer to APPENDIX 
II – result of oil sample No. 5, which contains tables of relative volumes vs 























Figure – 20: Relationship between pressure and relative volume  
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The swelling factor was found to be 1.154 for 20% mole of CO2; which means the 
volume of oil has increased by 15.4% after injecting 20% mole of CO2. As observed, 
swelling factor will increase as the mole percentage of injected CO2 increases.  
For 40%, 50%, and 60% mole of CO2, the oil volume increment was found to be 41.3%, 
62.1%, & 90.1 % respectively. The following table shows the swelling factor and Pb for 




CO2 Mole % Pb (psia) S.F 
0 2771.9 1 
20 3071.67 1.154 
40 3397.38 1.413 
50 3570.65 1.621 




The following figure shows the relationship between bubble point pressure and swelling 
factor for different CO2 concentrations. 
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Figure – 21: Relationship between bubble point pressure and swelling factor  
Oil sample No. 5 
Figure – 22: Relationship between CO2 mole% and swelling factor  
Oil sample No. 5 
 44 
 
4.2 Discussion:  
 
Based on CCE test result, sample No. 3 has the minimum initial Pb of 1576.52 psia 
while sample No. 5 has the maximum initial Pb of 2771.9 psia. The increment of bubble 
point pressure for samples No. 1, 2, and 3 during CO2 injection is following almost the 
same slop for different pressure values. While samples No.4, and 5 are having different 
slop of Pb pressure increment during injection process. The increment of saturation 
pressure or bubble point pressure is due to phase behavior change after injecting CO2 
gas. This difference in slops refers to different oil samples have different behavior with 
CO2 injection.  
 
Samples No. 1 & 3 start to have the same bubble point pressure at 55% mole of CO2 , 
while  samples No. 4 and 5 are having almost the same Pb at 60% mole of the injected 
CO2. 




Figure – 23: Relationship between Bubble Point Pressures Vs. CO2 % Mole  





Although all oil samples are light oils (having API greater than 10), it is obvious from 
the composition and API gravities of the five oil samples that, oil sample No. 5 is 
lightest sample since its API gravity is the greatest among this group having a value of 
40
 o
API, which explains the reason of having greatest swelling factor. 
  
In terms of swelling factor, lighter oils usually have higher swelling factor than heavier. 
Based on API, sample No.2 (19 
o
API) is heavier than sample No.1 (38 
o
API), and yet 
the swelling factor of sample No.2 is higher than the one of sample No.1 as shown in 
figure - 24. This is because of the composition of both samples, since sample No.2 is 
containing intermediate components such as C2, C3, and C4, while Sample No. 1 is not. 
These intermediate components then will be extracted by CO2 gas causing higher 
swelling factor. Table - 9 shows the comparison of S.F result at different CO2 
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Sample Name Oil-1 Oil-2 Oil-3 Oil-4 Oil-5 
API gravity 38 19 30 37 40 
Pb (psia) 1889.9 2629.7 1576.52 2197.36 2771.9 
S.F @ 20% mole CO2 1.076 1.101 1.117 1.14 1.154 
S.F @ 40% mole CO2 1.203 1.263 1.304 1.37 1.413 
S.F @ 50% mole CO2 1.3 1.385 1.441 1.551 1.621 




While comparing the result of swelling factor it was found that, the difference between 
swelling factors of the five oil samples at 20% mole CO2 is not much, but as the 
concentration of CO2 increases, the difference between swelling factors of the samples 
will be higher. The following figure shows the difference in oil volume increment 
(swelling factor) at each CO2 concentration.  
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Figure – 24: Relationship CO2 concentration and swelling factor 





CONCLUSIONS & RECOMMENDATIONS 
 
5.1 Conclusion:  
 
Oil swelling is directly proportional to the concentration of the injected CO2, the factor 
directing this relationship is called oil swelling factor. It varies from field to another; it 
also depends on oil properties as well as reservoir condition. 
 
Oil swelling factor is defined as the ratio of the volume of the oil- CO2 mixture to the 
initial volume of gas free oil at standard pressure and temperature.  
 
The swelling factors of five oil samples were determined, analytical analysis was made 
on the result. 
 
In a comparison study between five oil samples, it was found that, the oil sample No.5 




Although CO2 resources are available and could be easily obtained with low cost, the 
optimum amount of injected CO2 must be determined in order to meet the economical 
and technical factors, thus it does not depend only upon swelling factor, it is also 
dependent on the economic recovery factor.  
 
Based on the technical / oil swelling factors, CO2 flooding is considered as feasible 
process up to 60% mole for all oil samples, since the swelling factors did not reach the 
critical point, beyond which the swelling factor start to decrease. 







Conducting a CCE test experimentally using PVT cell will result in more accurate result 
of saturation pressures and swelling factors. 
 
The optimum range (minimum and maximum amount) of CO2 has to be identified not 
only based on swelling factor, but also based on other technical factor such as  
asphaltene precipitation which is affecting reservoir permeability, as well as  
economical factors which is based on recovery factor of each CO2 concentration, as 
higher swelling factor does not usually result in higher oil recovery. 
 
The selection of the optimum mole percentage of injected CO2 is based on three 
important factors: 
- Oil swelling factor.  
- Asphaltene precipitation. 
- Oil recovery factor. 
These factors indicate the technical and economical visibility and effectiveness of the 
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CCE TEST RESULT (RELATIV VOLUME TABLES) 
 Result of oil sample No. 1 
 






























CCE result of virgin oil sample No.1 






























































CCE result of 40% CO2 Oil sample No.1 
















































CCE result of 60% CO2 Oil sample No.1 
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Result of oil sample No. 2 
 
 












































CCE result of virgin oil sample No.2 












































































CCE result of 40% CO2 Oil sample No.2 















































































CCE result of 60% CO2 Oil sample No.2 
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CCE result of virgin oil sample No.3 






















































































CCE result of 40% CO2 Oil sample No.3 















































































CCE result of 60% CO2 Oil sample No.3 
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CCE result of 20% CO2 Oil sample No.4 










































































CCE result of 40% CO2 Oil sample No.4 















































































CCE result of 60% CO2 Oil sample No.4 
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CCE result of virgin oil sample No.5 






























































CCE result of 40% CO2 Oil sample No.5 
















































































Relationship between pressure and relative volume  
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Figure – 8: Relationship between pressure and relative volume  
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CO2 Mole % Pb (psia) S.F 
0 1889.9 1 
20 2313.96 1.076 
40 2896.26 1.203 
50 3379.52 1.3 





CO2 Mole % Pb (psia) S.F 
0 2629.7 1 
20 2975.18 1.101 
40 3495.29 1.263 
50 3927.81 1.385 




Swelling test result oil sample No. 1 






CO2 Mole % Pb (psia) S.F 
0 1576.52 1 
20 2078.77 1.117 
40 2780.08 1.304 
50 3294.08 1.441 



















CO2 Mole % Pb (psia) S.F 
0 2197.36 1 
20 2575.79 1.14 
40 3027.77 1.37 
50 3298.8 1.551 
60 3611.23 1.816 
Swelling test result oil sample No. 3 




CO2 Mole % Pb (psia) S.F 
0 2771.9 1 
20 3071.67 1.154 
40 3397.38 1.413 
50 3570.65 1.621 
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Relationship between CO2 mole% and swelling factor  
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Relationship between CO2 mole% and swelling factor  
Oil sample No. 2 
Relationship between CO2 mole% and swelling factor  
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Relationship between CO2 mole% and swelling factor  
Oil sample No. 4 
 Relationship between CO2 mole% and swelling factor  
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Relationship between bubble point pressure and swelling factor  
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Relationship between bubble point pressure and swelling factor  
Oil sample No. 2 
Relationship between bubble point pressure and swelling factor  
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Relationship between bubble point pressure and swelling factor  
Oil sample No. 4 
 Relationship between bubble point pressure and swelling factor  
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Sample Name Oil-1 Oil-2 Oil-3 Oil-4 Oil-5 
API gravity 38 19 30 37 40 
Pb (psia) 1889.9 2629.7 1576.52 2197.36 2771.9 
S.F @ 20% mole CO2 1.076 1.101 1.117 1.14 1.154 
S.F @ 40% mole CO2 1.203 1.263 1.304 1.37 1.413 
S.F @ 50% mole CO2 1.3 1.385 1.441 1.551 1.621 
S.F @ 60% mole CO2 1.425 1.539 1.625 1.816 1.759 
Relationship between Bubble Point Pressure Vs. CO2 % Mole 
Five oil samples  
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Relationship between CO2 concentration and swelling factor 
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